 New configuration of electrocoagulation (EC) was developed for better TP removal.  The influenced factors on phosphorus removal in the EC process were investigated.  EC with higher voltage, initial conductivity and longer electrolysis time is efficient.  Specific rates of energy and iron consumptions during the EC process were measured.  Passivation layer formed on the surface of electrodes during operation were overcome.
Introduction
Phosphorus and nitrogen pollution now pose a serious problem in wastewater being generated today all over the globe and has become a serious issue. Both pollutants have proven to be difficult and expensive to mitigate in the waste stream. Consider phosphorus removal for example: to eliminate phosphorus in municipal wastewater using conventional biological treatment systems is difficult due to inherent limitations of the activated sludge method of mitigation, which is inherently less effective. This treatment method still allows in a residual phosphorus concentration in the effluent which exceeds the wastewater discharge guideline. In a typical biological treatment plant, phosphorus is passed through to the sludge phase, and then removed depending on the amount of excess sludge. Thus, its removal is limited and variable, resulting in low removal efficiency even less than 30% (Hosni et al., 2007 and Sommariva et al., 1997) . In this circumstance, addition of chemicals to the process can reduce phosphate levels somewhat, the lack of an efficient process means that any remaining phosphate must be removed via other techniques (Bektaş et al., 2004 and Zeng, 2012) or via recombinant chemical dosing. The latter is time consuming, labor intensive, and expensive.
Sources of phosphorus emissions into the environment are mostly effluents from non-point agricultural runoff, and point sources from industrial plants, and municipal wastewater treatment, etc. (Krishnan Rajeshwar, 1997) . Wastewaters containing phosphorus are discharged into receiving waters in excess of the threshold-accepting environmental optimums, which contributes to the acceleration of the eutrophication process in a rapid and unnatural way, overwhelming the natural processes that would otherwise normalize the contaminant load. Normally, phosphorus exists in three main forms in wastewater, namely orthophosphate, polyphosphate, and organic phosphorus. However, the primary phosphorus compounds in wastewaters are generally orthophosphates (Tran et al., 2012) , except in the special case of wastewater.
So far, most large scale biological wastewater treatment systems can meet applicable water quality discharge standards for TN and TP of less than 20 mg TN/L and 2 mgTP/L, respectively. However, only recently have governments realized the catastrophic environmental implications (e.g. eutrophication, red tide) of treated wastewater containing residual phosphorus concentrations above the recommended limits (Bui and Yoon, 2011) . Therefore, governments have urged wastewater treatment plant operators to improve existing treatment systems and encouraged technological innovation to achieve better removal efficiencies, so that the new wastewater discharge standards can be met. Many countries have already implemented new standards for discharge, for instance, 0.5-1.0 mg/L in the USA, 1-2 mg/L in France (Attour et al., 2014) and less than 0.2 mg/L in South Korea. Even though conventional biological treatment processes are economical, they have long hydraulic retention time and large volume requirements which reduce efficiency. In addition, exponentially greater land and facility requirements sometimes make these technologies less attractive than physicochemical treatments, which can provide for shorter retention time, greater efficiency, easy installation, and simpler operation and maintenance (Tran et al., 2012 , Asselin et al., 2008 , Nguyen et al., 2013 and Gatsios et al., 2015 . Therefore, there is a need for innovation and applied advanced technology to improve efficiency in phosphorus removal, which requires less space, less capital investment, easier installation, simple equipment, lower operating and maintenance costs, and elimination of additional frequent chemical use (Bektaş et al., 2004 , Markus et al., 2011 , Wahab et al., 2011 and Oleszkiewicz and Barnard, 2006 . Electrocoagulation (EC) is an electrochemical technology that treats drinking water and wastewater which offers many advantages over traditional physicochemical treatments, such as higher efficiency, short retention time, elimination of need to neutralize excess chemicals, reduction of sludge production, and prevention of secondary pollution caused by added chemicals or unintended chemical reactions. Electrodes and equipment also require less space and are simple to operate (Asselin et al., 2008 , Linares-Hernández et al., 2009 , Hernández-Ortega et al., 2010 and Nguyen et al., 2014 .
EC uses an electrochemical cell with a Direct Current (DC) voltage applied, usually to iron or aluminum electrodes, with water or wastewater as the electrolyte. During EC treatment of wastewaters, several electrochemical, physicochemical and chemical processes take place in the electrolysis device. This process produces the metal ions generation that takes place at the anode, and then creates both iron hydroxides and poly-hydroxides that have significant sorption ability. Meanwhile, hydrogen gas is continuously generated from the cathode, and with the added help of scouring and floating, the pollutants and flocculated particles are formed on the electrodes' surface. Then they flow out of the EC device (Krishnan Rajeshwar, 1997 and Tran et al., 2012) .
For a long time, electrochemical technologies in water and wastewater treatment were not widely implemented due to a lack of capital and expensive operating costs. Nowadays, electrocoagulation technologies have advanced to such a stage that they are not only comparable with other technologies in terms of cost, they are also more efficient and more compact (Bennett et al., 2007 , Chen, 2004 , Wang et al., 2004 and Sadeddin et al., 2011 .
When iron is used as electrode material, the dominant reactions involved can be summarized as follows (Linares-Hernández et al., 2009 , Bensadok et al., 2011 , Christos Comninellis, 2010 , Bernal-Martínez et al., 2013 , Linares-Hernández et al., 2010 and H.A. Moreno et al., 2009 At the cathode:
At the anode:
Fe (s) → Fe 3 + (eq) + 3e
In the bulk solution, multi-core coordination compounds and Fe 3 (PO 4 ) 2 , Fe(OH) 2 , Fe(OH) 3 precipitates can be formed, with a simplified reactions as follows: 
The EC technology used in this study is regarded as a new, urgently needed solution that overcomes the disadvantages of existing EC technologies, for instance, the new EC process can self-cleaning electrode surfaces, enhanced interactivity and reactivity between coagulants (complexes, iron hydroxides, etc.) and contaminants (soluble, colloidal, suspended solid, etc.) in the wastewater, uniform corrosion over the surface of electrodes, short electrolysis times, and lower operating costs.
The main aim of this research is to investigate the performance of the EC process using iron cylindrical electrodes in continuous and batch operating mode for removing phosphorus in municipal wastewater under various experimental conditions. The system was optimized in terms of TP initial concentrations, different voltages, conductivities and electrolysis time, reaction rate constant for TP removal, and sludge production. In addition, the effect of some operating variables such as pH and NaCl concentrations added to wastewater on phosphorus removal of EC process were also evaluated.
Materials and methods

Characterization of wastewater
The real wastewater (RWW) was collected from the effluent of municipal wastewater treatment plant in Y City, South Korea, with characteristics of pH, SS, COD Mn , TN, TP, conductivity, and alkalinity were 6.76-7.06, 20 mg SS/L, 2.27-9.3 mg COD Mn /L, 6.11-13.3 mg TN/L, 1.73-3.2 mg TP/L, 427-496 μS/cm, and 43-127 mg CaCO 3 /L, respectively.
Experimental set-up
During the experiment, the temperature and pH did not alter much, remaining at the ambient wastewater temperatures and in neutral pH ranges. Wastewater treated by the EC device was sampled at different times and the initial characteristics varied over time. The electrodes were directly connected to an adjustable DC power supply, providing a direct current (0-15 A) and voltage (0-30 V) allowed for the desired value in each experiment to be set in advance.
Innovation is evident in this electrolysis device in which it employs a pair of iron electrodes. Their concentric cylindrical shapes increase the shear stress of the upward flow rate needed to more efficiently clean up the pollutants, or flocculated particles. In addition, soluble hydroxides are formed on the electrodes' surface.
EC treatments were experimentally carried out in batch mode and continuous mode for treating RWW. This allowed field and laboratory data to be generated for comparative analysis, based on both known and unknown variables.
Batch mode experimental
A system in batch operating mode (BOM) is shown in Fig. 1a . The respective internal dimensions and material of batch EC reactor were 15.5 cm length × 12 cm width × 19 cm height, with an effective volume of 3 L, and was made from polyacrylate. A pair of iron electrodes was placed in concentric cylinders together and immersed into the reactor, with the inside iron electrode dimensions were 5.7 cm inside diameter (ID) × 13 cm height (H), with an effective area of 233 cm²; outside iron electrode dimensions were 11.05 cm outside diameter (OD) × 13 cm high (H), with an effective area of 451 cm². The gap between the electrodes was 2.675 cm. The mixture was mixed at a speed of 150 rpm by lab stirrer in order to increase contact with the net mass in the electrolyte.
Fig. 1. Schematic diagram of the EC system for BOMs (a) and COMs (b)
Continuous mode experimental
Fig. 1b shows a system in continuous operating mode (COM). Wastewater was contained in a 200 L polypropylene tank, and was pumped continuously at various flow rates into the cylindrical distribution box at the bottom of EC device by a peristaltic pump, then upflowed to an annular region between two coaxial cylinder electrodes. The EC device in COM consists of a pair of cylindrically shaped iron electrodes each comprising a pair of two, nested concentric cylinders with inside electrode dimensions were 5.7 cm ID × 94.5 cm H, and the effective area of 0.17 m². The outside electrode dimensions were 11.05 cm OD × 100 cm H and the effective surface area was 0.33 m², but the total geometric area of 0.35 m². The gap between the electrodes was 2.675 cm.
Analytical methods
All wastewater samples always followed proper laboratory protocols for sampling, preservation, and storage of specimens. Samples were filtered with 0.45 μm glass microfiber filters before analysis. The water quality parameters and voltage were analyzed according to standard methods as described in detail by Nguyen et al. (2013) .
Results and discussion
Variation of wastewater pH versus electrolysis time
Wastewater pH is a key factor that can have a pronounced impact on EC processes, especially the coagulation and flocculation processes. It also has significant negative effects on aquatic life of effluent receiving water resources.
Variations in pH found over electrolysis time for different sodium chloride (NaCl) concentrations, initial TP concentrations, and applied voltages, are presented in Figs. 2a-4a, and Table 1 . The results show that although the initial pH of the RWW was varied in the range of 6.27-7.40 but no significant increase in pH occurred during electrolysis. In fact, the pH value of effluent remained in the neutral range despite achieving the highest phosphate removal efficiencies (98.12%). Thus, the use of neutralizing agents such as acid or base was not necessary to adjust the pH of solution prior to its discharge into receiving water bodies. In addition, during the course of the operation experiment, it seems, the pH in RWW was increased slightly over elapsed electrolysis time. This was probably due to the presence of ions and other constituents in wastewater, which accelerated the rates hydroxide ions (OH -) produced at the cathode (Eq. (1)), and reacted, generating a limited formation of hydrogen ions (H + ) ions at the anode. 
Variation of the conductivity as a function of sodium chloride
The voltage, amperage, electrolysis time and the solution's electrical conductivity are important operating factors that have a significant impact upon the EC processes efficiency and operational costs (Christos Comninellis, 2010 and Hosny, 1996) . These results demonstrated that sodium chloride (NaCl) concentration increases directly proportional to the increase of conductivity of solution NaCl and were almost compatible with first-order linear function. Interestingly, increasing NaCl concentration of a solution could increase phosphate removal efficiency during a shorter electrolysis time, but an increased conductivity of solution would increase the energy consumption, causing a subsequent increase of the operating costs. Another critical issue when using NaCl is its higher efficiency in increasing the conductivity of a solution and the relatively low environmental impact of a moderate level of table salt.
Equally important, that the EC process also generated chlorine, the reactions will occur on the surface of the anode to create chlorine products (Cl 2 , HOCl, OCl − ) in the electrolyte solution (Bektaş et al., 2004 and Awad and Galwa, 2005) , hydroxyl radicals ( OH) (Awad and Galwa, 2005 and Li et al., 2003) , and peroxide (H 2 O 2 ) (Drogui et al., 2001) . Interestingly, these are agents that will contribute to wastewater disinfection, and then participate in the oxidation of organic compounds in wastewater. So, by adding NaCl to wastewater, conductivity is increased and this generates oxidizing agents as by-products (Şengil and özacar, 2006) .
To study the effects of electrical conductivity on the TP treatment efficiency of the overall EC process performance, the initial conductivity of the wastewater must be adjusted by adding an appropriate amount of NaCl from 0.0 to 0.05% by weight. Then, by varying the electrical conductivity from 440 to 1500 μS/cm (the electrical conductivity of river water was generally < 1500 μS/cm), and the initial concentration of TP from 1.0 mg/L to 3.0 mg/L, the corresponding rates can be measured and compared.
Since it is desirable to shorten electrolysis time and increase current density, the concentration of table salt can be increased. This will increase the capacity of the wastewater treatment, thus reducing operating costs. It will, however, result in faster electrode corrosion. Consequently, the electrode replacement cycle will be shortened (Shin and Bae, 2007) . Therefore, accordingly (Hosny, 1996 and İrdemez et al., 2006 ) the variation of TP concentration during the electrolysis process over time can be modified by the following equation: (8) The integration of the above equation and abbreviated, we get:
where:
is removal rate constant (1/min); t is electrolysis time (min); Co is initial concentration of TP (mg/L); Ct is concentration of TP at time t (mg/L); I is current (A); A is area of electrode (cm²); V is volume of cell (liter); r1 is radius of an inside electrode (cm); and r2 is radius of an outside electrode (cm).
Eq. (9) can be then applied to describing their move phosphate from wastewaters through the EC process, and k could be calculated from the slope value of the plot Ln (C t /C o ) vs. electrolysis time (t) in the inset figures.
Overall, each experiment and its effect on pH level, electrolysis time, solution conductivity, voltage and current density as measured during the phosphorus removal operation improved our understanding.
Phosphate removal in BOM and COM systems
Batch operating mode experiment
These experiments analyzed the effects of electrical voltage in the EC process on the efficiency of removing phosphorus. In order to determine the most favorable electrical potentials for the optimal operating costs and phosphorus removal, the EC process was implemented by changing the voltage levels from 5, 6, 7, 8, 9 and 10 V, respectively (Table  1) .
Results obtained and shown in Fig. 2 indicated that increasing the initial applied electrical voltage of 5, 6, 7, 8, 9 , and 10 V, while the initial conductivity of the solution was kept almost unchanged, resulted in removal efficiencies of phosphorus that were increasingly proportional to the electrical voltage and electrolysis time. For example, for 8 min electrolysis time the maximum TP removal efficiency percentages of 94.06%, 96.25%, 96.55%, 95.0%, 99.06% and 99.69% were achieved, and these corresponded to the applied electrical voltages of 5, 6, 7, 8, 9 , and 10 V, respectively. Meanwhile the specific energy consumption (SEC) and specific iron consumption (SIC) increased significantly with an increase in electrolysis time and voltage.
The results also indicated that TP levels could be achieved at less than 0.2 mg/L by increasing electrolysis time or/and voltage. Thus, in this study, the most appropriate electrolysis time and voltage were 6 min and 10 V in terms of BOM, resulting in SEC and SIC of 0.25 kWh/m³ and 0.0729 g, respectively.
The relationship between Ln(C t /C o ) of TP concentration and electrolysis time in BOMs followed the first order linear equations similarly ( Fig. 2e and Table S1 ). Based on the observed results, the increase in TP reduction rate was significant for operating at 9, and 10 V. While at 9 V and 10 V, the SEC (Fig. 2c) and SIC (Fig. 2d) increased sharply, and was well correlated with the electrolysis time under study conditions through the first order linear equation (Table S2) .
Experiments were run in BOMs to determine the effects of different NaCl concentrations and electrolysis times on total TP removal efficiency, while the initial voltage value was kept at a constant 10 V (Fig. 7, Table 1 ). The resultant TP concentration is reported here, according to retention time and the initial amount of NaCl dissolved in the raw wastewater solution.
As results shown in Fig. 3(a, b) , under the same experimental conditions (e.g. initial of TP, 10 V, pH), the more the initial feed is increased in NaCl the greater the rate of TP reduction. Similarly, the results shown in Fig. 3(c, d) , indicate that when the initial amount of NaCl increases, the SEC and SIC are higher. It is therefore concluded that adding NaCl to the raw wastewater at 0.01%, 0.02%, 0.03%, 0.04% and 0.05% in terms of weigh, corresponds to respective variations in initial wastewater conductivity, i.e. 653.4 μS/cm, 882.8 μS/cm, 1081.3 μS/cm, 1297.5 μS/cm and 1482.5 μS/cm. Under these variables, the residual TP concentrations, after 3 and 5 min of electrolysis, were 0.08 mg/L, 0.04 mg/L, 0.04 mg/L, 0.01 mg/L and 0.03 mg/L, respectively. The residual TP concentrations after 5 min of electrolysis were 0.04 mg/L, 0.00 mg/L, 0.01 mg/L, 0.00 mg/L and 0.01 mg/L, respectively (Fig. 3(a,b) ). Fig. 3a shows that when the initial TP concentration is 1.71 mg/L, applied voltage is 10 V, and the wastewater conductivity vary from 653.4 to 1482.5 μS/cm, then just after 3 to 5 min of electrolysis time, the effectiveness of system was achieved from 95.38-100% as a reduces of TP. This means that after just 3 or 5 min of electrolysis treatment the TP was almost totally removed.
Inset Fig. 3e shows the TP removal rates increased in speed when higher wastewater conductivity occurred. In these experiments the highest rate of TP removal occurred when 0.05% NaCl was added, raising the raw wastewater's conductivity to 1482.5 μS/cm. This illustrates the importance of adding NaCl to wastewater to increase wastewater conductivity, and it could represent a significant breakthrough in creating a more effective TP treatment process.
Similar to the results for the above experiments, this result reaffirms that even though wastewater conductivity did increase, the treatment efficiency of TP increases at the same rate during any given period of electrolysis time (Fig. 3(a, b) ). Meanwhile, treatment costs increased as a result of electrical energy demands and SIC (Fig. 3(c, d) ). Also, the TP removal rates of Ln(C t /C o ) and SEC correlated well with electrolysis time through the first order linear equation (Tables S3, S4 ).
Continuous operating mode experiment
Electrode fouling played an important role in compromising the performance of EC process over time. An effort was made to design this EC system to create vertical-flow, generating small, more frequent gas bubbles of hydrogen and oxygen gases formed by the ionic electrolysis of H₂O (Eq 1). These were meant to provide greater shear stress over the electrode's surface in order to remove and lift up foulants, and to restrict their interaction with the electrodes. The magnitude of shear stress prevents the particles from becoming like the layers of a cake over the electrode's surface.
Trials were conducted to determine the minimum electrolysis time needed, and the quantity of NaCl that must be added to the wastewater in order to achieve the best TP removal efficiency in the shortest retention time. These trials were carried out by conducting EC experiments at various flow rates (Table 2) , with experimental conditions set at an initial TP concentration of 2.66 mg/L and applied voltage of 10 V (Table 1) . The results are presented in Fig. 4(a, b) , which show the trend in TP concentration and TP removal efficiency as a function of operating time. Fig. 4e illustrates the TP removal rate as Ln(C t /C o ) with electrolysis time and linear regression fit (Table S5 ).
In six experiments were conducted with an initial wastewater conductivity of 484.13 μS/cm; then 677.13 μS/cm, 884.38 μS/cm, 1104.0 μS/cm, 1290.63 μS/cm and 1487.25 μS/cm, respectively. The higher the initial conductivity, the more rapid was TP removal (Fig. 4b) . For example, the corresponding TP removal efficiencies were 59.77% (1.07 mg/L), 66.92% (0.88 mg/L), 83.83% (0.43 mg/L), 89.47% (0.28 mg/L), 93.98% (0.16 mg/L) and 95.49% (0.12 mg/L), respectively, with just 1.66 min of electrolysis time. These results also indicated that TP levels of less than 0.1 mg/L could be achieved during 2.2 min of retention time by adjusting the solution's initial conductivity. Here, the most appropriate conductivity of solution should be adjusted to within the range 1290.6-1487.25 μS/cm, in terms of TP removal (Fig. 4(a, b) ).
It was also found that the higher the initial conductivity, the more SEC and SIC occurred (Fig. 4(c, d) , Table 10S ). Similarly, it can be concluded that the rate of TP reduction increased with more electrolysis time (Fig. 4a) , or by decreasing the flow rate of the influent, while increasing the SEC and SIC. Based on the results obtained, 64.29-98.12% TP reduction could be achieved. From all the results for TP removal presented in the figures above, it can be observed that effective removal of TP at the beginning of the EC process is obviously greater and faster than later in the process. The mechanisms responsible for this enhanced EC process generate iron hydroxides from the dissolved iron of the anode, which form complexes with ions occurring in the wastewater. This results in charge neutralization and possibly creates sweep flocculation caused by the precipitated metal hydroxide complexes. Colloidal particles then form large aggregates, therefore rapidly removing contaminants (Ghahremani et al., 2012) .
All inset figures depict the relationship between Ln(C t /C o ) of TP concentration and electrolysis time. They indicate that under the same experimental conditions, the rate of TP removal in continuous mode experiments increased faster than in batch mode experiments, due to the application of the special design of the EC electrode in continuous experiments. In general, furthermore, the removal of TP obviously increased with electrolysis time. plays an important role in not only optimal use of the iron electrode, but also to avoid secondary contamination by excess iron ions created. Thus, in this study, the most appropriate mass ratios of Fe cons. /TP rem. for moderate to low strength wastewater should be in a ranged 4.9 to 11.5 (equal to molar ratio 2.72 to 6.38). Consequently, it is noted that in case of excess iron ions in aqueous solution, there will be a visual indication signaled by the brownish color of ferrous ions, or the dark green color of ferric ions. An additional qualitative water quality indicator is a slightly fishy smell such conditions induces.
A short retention time, highly efficient TP removal, low SEC, and simple operation are the necessary conditions that current technology must have in order to: firstly, deliver technological and economic benefits; and secondly, meet new national effluent discharge regulations. The economic and engineering feasibility of this method of EC application for low to moderate contamination of TP in wastewaters can be achieved and enhance retention. It is a flexible process and easy to achieve, yet meets high environmental standards in every way.
For this study, a strong linear relationship was observed between the SEC and electrolysis time (Tables S2, S4, , indicating that the first-order linear function was most appropriate for describing the SEC over the time of the EC process. Thus, it corresponds to the type of model (COM or BOM), which can correctly predict power consumption as a function of the electrolysis time.
Conclusions
A range of different EC processing options and variables were thoroughly investigated to assess the performance and maintenance requirements of various experimental scenarios. The main findings are as follows:
 This is a revolutionary technology that has been overlooked in the past due to technical limitations. High conductivity ensures that the process performs very efficiently, and reduces overall cost and shortens retention time.  It can be designed in the form of compact modules, capable of treating large quantities of wastewater. It can also be designed for the individual needs of a particular application or specific wastewater treatment system design, or mass produced as retrofit kits based on volumes and flow rates.  The relationship between Ln(C t /C o ) of TP concentration, SEC, and SIC with electrolysis time in BOM and COM is similar and results indicate a strong linear relationship.  Using the same experimental conditions, results showed that the TP removal rate in COMs is faster than in BOMs, and this rate will increase faster when either or both conductivities or applied voltages or electrolysis time are increased.
 Interestingly, iron pipe or similar scrap iron can potentially be reused, especially in hard-pressed emerging countries, thereby minimizing the replacement cost of electrodes by iron waste. During operation, both TP removal efficiencies and SEC was found to increase with higher applied potential voltages, and the addition of a conductor in varying quantities. However, in practice, the optimum operating regime needs to be a harmonious combination between these factors, for the greatest efficiency and cost savings.
